The complete nucleotide sequences of Streptococcus sobrinus 6715 scrA and scrB, which encode sucrosespecific enzyme II of the phosphoenolpyruvate-dependent phosphotransferase system and sucrose-6-phosphate hydrolase, respectively, have been determined. These Mutans streptococci (MS) have been identified as the principal etiological agents of dental caries, and the significance of sucrose metabolism by these organisms in their ability to initiate tooth decay has been demonstrated (13, 15, 25) . Sucrose is the substrate for glucosyltransferase and fructosyltransferase, which synthesize glucan and fructan polymers, respectively. The formation of extracellular glucans enhances the colonization of these organisms on the tooth surface (15, 25), whereas the synthesis of fructans provides an extracellular carbon source which can be metabolized during periods of starvation (3, 42). However, only a small percentage of available sucrose is processed to produce exopolymers; most of the sucrose in the environment is efficiently transported into and metabolized by MS.
Mutans streptococci (MS) have been identified as the principal etiological agents of dental caries, and the significance of sucrose metabolism by these organisms in their ability to initiate tooth decay has been demonstrated (13, 15, 25) . Sucrose is the substrate for glucosyltransferase and fructosyltransferase, which synthesize glucan and fructan polymers, respectively. The formation of extracellular glucans enhances the colonization of these organisms on the tooth surface (15, 25) , whereas the synthesis of fructans provides an extracellular carbon source which can be metabolized during periods of starvation (3, 42) . However, only a small percentage of available sucrose is processed to produce exopolymers; most of the sucrose in the environment is efficiently transported into and metabolized by MS.
The primary mechanism for sucrose uptake by MS, at least at low substrate concentration, is the high-affinity phosphoenolpyruvate-dependent phosphotransferase system (sucrose-PTS; 19, 27, [43] [44] [45] , by which sucrose is concomitantly transported and phosphorylated by the activity of a membrane-bound permease, the sucrose-specific enzyme II (EIISCr). The phosphorylated sucrose is then hydrolyzed by sucrose-6-phosphate hydrolase, yielding glucose-6-phosphate and fructose (4, 46) . The metabolism of these two monosaccharides via glycolysis results in the production of lactic acid. In the past decade, much attention has been focused on the analysis of the mechanisms of sucrose metabolism in MS. More recently, the genes encod-have been cloned from two human cariogenic pathogens, Streptococcus mutans GS5 (17, 26, 39) and Streptococcus sobrinus 6715 (5) . The nucleotide sequences of both genes from S. mutans GS5 have been reported (38, 39) . The scrA and scrB of S. mutans GS5 are adjacent to each other on the chromosome (39) and are transcribed divergently. The deduced amino acid sequence of the N terminus of S. mutans GS5 EIIScr shares homology with EIII-dependent EIIsc' found in Bacillus subtilis and Escherichia coli, and the C-terminal sequences share homology with EIIIGiC of Sal- monella typhimurium and the C terminus of E. coli EIIBg' (39) . These results suggest that the sucrose PTS-specific component of S. mutans GS5 is EIII independent (39) . Homology also was detected between S. mutans GS5 scrB and B. subtilis sacA, both genes encoding enzymes that use sucrose as the substrate (38) . Comparable genetic information has not been reported for S. sobrinus 6715 .
In a previous study, we suggested that a 4.2-kb DNA fragment isolated from S. sobrinus 6715 genomic DNA partially digested with Sau3A may contain both scrA and scrB. This observation was based on the expression of EIIScr and sucrose-6-phosphate hydrolase activities by Lactococcus lactis subsp. lactis LM0230 transformants harboring a plasmid onto which this fragment had been subcloned and on the ability of such transformants to grow at the expense of sucrose (5) . In (18) . Nucleotide sequences were determined by the dideoxy chain termination method (37) with DNA templates from single-and double-stranded phagemid DNA or double-stranded plasmid DNA purified from E. coli as described before (6, 50) . Sequencing reactions were initiated from the pUC/M13 17-mer universal forward sequencing primer or the reverse sequencing primer, using at-35S-dATP. (12) with modifications. Bacteria were grown at 37°C to early-exponential phase in FMC medium (47) with 10 mM L-threonine, 10 mM sucrose, and spectinomycin at 500 ,ug/ml. Cells were treated with lysozyme (5 mg per 50-ml original culture volume) for 5 min at 37°C, and 10% sodium dodecyl sulfate was added to a final concentration of 0.8%. Total cellular RNA was then purified from the lysate (12) .
Primer extension analysis. The scrA and scrB transcriptional start sites were determined by primer extension analysis, using oligonucleotides described in Results. The procedures and solutions used were those of Yeung (50) 
GTGGCCTTCTTTGTCCATGAAAGCACCGACTTGTAAAGGATCACGAATCCAATTGTCGTCGCGGACATTGCCTGTATAGAATAGAAACAGCTTTCCGTCG 13300 . Radiolabelled oligonucleotides were incubated with the RNA, and the cDNA was synthesized by the activity of reverse transcriptase as described in Materials and Methods. The same oligonucleotides were used to prime dideoxy sequencing products from a DNA template that contained the scrA and scrB junction region.
tected when primer B2 was used. Two possible E. coli a7 -type promoter regions corresponding to each signal were located 14 bases 5' to PBI, ITGAAA-N23-TAT1TT, and 19 bases 5' to PB2, TTGTTA-N20-TAAATT (Fig. 2) (16) . The sequences of these two putative promoter regions are homologous to the E. coli consensus, but the spacing between -10 and -35 sequences is rather long (16) . An inverted repeat which may be the transcriptional terminator for scrB was observed 3' to the scrB termination codon (nucleotides 136 to 146 and 153 to 163). The calculated free energy of this stem-loop structure was -6 kcal (ca. -25 kJ)/mol.
The hydropathy plot (20) of the deduced amino acid sequence of scrB (Fig. 4B ) indicated that the protein was relatively hydrophilic. The amino acid composition of this protein suggested that it was slightly acidic (15.1% acidic versus 8.7% basic amino acids).
Comparison ofS. sobrinus 6715 sucrose-6-phosphate hydrolase with other proteins. The deduced amino acid sequence of sucrose-6-phosphate hydrolase from S. sobrinus 6715 was compared with that from S. mutans GS5; 70% sequence homology was observed between these two proteins (Fig. 5) . This suggested that these two polypeptides may have been derived from a common ancestor. Extensive homology was observed throughout the entire protein except for a stretch of 25 amino acids (amino acids 187 to 211) that was found in the S. sobninus 6715-encoded protein but not in the protein encoded by S. mutans GS5. The activity. Sequence identity of approximately 35% to the entire sucrase sequences of Vibio alginolyticus (41), Klebsiella pneumoniae, and B. subtilis was detected (10) . Lesser homology was observed with E. coli sucrose hydrolase (28%) (1) and Zymomonas mobilis sucrase (25%) (14) .
Nucleotide sequence analysis of scrA. The partial sequence of the 2.7-kb HindIII fragment, which hybridizes to S. mutans GS5 scrA under conditions of low stringency and was described previously (5), revealed an ORF, scrA, of 1,896 bp encoding a 632-amino-acid protein with a calculated molecular weight of 66,529. Approximately 60% homology was observed between the two alleles from S. mutans GS5 and S. sobrinus 6715. The complete DNA sequence of scrA (ORF2) and the predicted amino acid sequence of the putative protein product are shown in Fig. 2 . ORF2 started at an ATG (nucleotide 1831) and ended at a TAA (nucleotide 3727). A potential E. coli Shine-Dalgamo sequence, AG-GAG, was found 10 nucleotides 5' (nucleotides 1817 to 1820) to the ATG start codon.
The 5' end of the mRNA transcribed from scrA was mapped by primer extension analysis, using two oligonucleotides complementary to the coding strand. These two primers, Al (5'-CGCCTAAGGCTLlCGATGA-3') and A2 (5'-CCTGAGTTAAAGAAGGCTCC-3'), were located 29 and 156 bases 3' to the translational start site, respectively. The 5' end of the transcript was identified by using both primers with total cellular RNA isolated from MC127-1 and MC127-2 (5). The cDNA extension product indicated that the G residue (PA, nucleotide 1779) located 51 bases 5' to the ATG start site was the transcriptional initiation site for scrA (Fig. 3A) . The promoter-like sequence TTGACA-N16-TAAAAT indicated in Fig. 2 was located 6 bp 5 ' to the G (PA) (16) . Two inverted repeats which may function as the transcriptional termination sites of scrA were observed 5 and 45 bases 3' to the TAA termination codon. The estimated free energy values of these secondary structures were -20 kcal (ca. -84 kJ)/mol and -9.8 kcal (ca. -41 kJ)/mol, respectively.
The predicted EIISCr contained 52% hydrophobic, 31% hydrophilic, 8% positively charged, and 9% negatively charged amino acids. Thus, EIIScr appeared to be a relatively hydrophobic protein. These 106 charged amino acids were concentrated mostly in the N-terminal 110 amino acids (containing 32 charged amino acids) and C-terminal 122 amino acids (containing 42 charged amino acids), indicating that they are the hydrophilic regions. The hydropathy plot (20) of the deduced amino acid sequence of scrA (Fig. 4A) , confirmed that the hydrophobic domain was located between amino acids 110 and 455. Several prominent hydrophilic domains were identified in this region, suggesting that it likely contains more than one transmembrane domain.
Comparison of S. sobrinus 6715 EIISCr with other proteins. The deduced amino acid sequence of EIISCr from S. sobninus shared 43% identity with the S. mutans EIIScr (39) (Fig. 6 EIIscr (11) , respectively. On the other hand, the C-terminal 170 amino acids of S. sobrinus EIIscr exhibited 37% homology with EIIIGlC of E. coli and Salmonella typhimurium (28) . These data indicated that EIIscr of S. sobnnus 6715, like that of S. mutans GS5 (39), was an EIII-independent protein in which the EII and EIII functional domains are covalently linked as a single polypeptide.
DISCUSSION
The isolation in E. coli and subsequent transfer to L. lactis subsp. lactis LM0230 of genes encoding EIIScr (scrA) and sucrose-6-phosphate hydrolase (scrB) from S. sobrinus 6715 was described previously (5) . In this study, the nucleotide sequences of both genes were determined. The two genes were located adjacent to each other on the S. sobrinus 6715 chromosome and were transcribed divergently. A similar arrangement was reported in S. mutans GS5 (39) . These data would suggest that the two genes are not regulated as a single operon in MS. However, the corresponding genes of B. subtilis and E. coli are adjacent to each other on the respective chromosomes and are transcribed in the same direction (8, 11) . The arrangement of these two genes in S. sobrinus 6715 is com5patible with previous observations that the activity of EII cr is inducible while the activity of sucrose-6-phosphate hydrolase is constitutive (45, 46) .
A comparison of the amino acid sequences of sucrose-6-phosphate hydrolase (ScrB) from S. sobninus 6715 and from S. mutans GS5 indicated that these two proteins were highly conserved. The sucrose box, a consensus sequence containing nine amino acids proposed by Sato and Kuramitsu (38) , and highly conserved among four sucrose hydrolytic enzymes, also was identified in S. sobnnus 6715 sucrose-6-phosphate hydrolase. We extended the comparison to other sucrose hydrolytic enzymes and found that the sucrose box is highly conserved among all sucrose hydrolytic enzymes examined (Fig. 7) . A stretch of 25 amino acids found in the predicted scrB product of S. sobninus 6715 but not in that of S. mutans GS5 (Fig. 5) may have been the result of insertion or deletion during evolution.
Sequence comparisons among different EII and EIII proteins demonstrate that EII complexes, the permeases of the PTS, generally consist of three structurally distinct domains (EILA, -B, and -C) which together form a functional unit (34) . The major hydrophilic and hydrophobic functional domains contain highly conserved consensus sequences for phosphorylation and interdomain interaction, although their arrangements may differ among the proteins studied (23, 24, (33) (34) (35) .
S. sobnnus scrB 61, 1993 In some cases, the three domains are covalently linked as a single polypeptide, with a total molecular weight of approximately 68,000, and are commonly known as EII. In other cases, domain EIIA, also known as EIII, is a separate polypeptide containing the other two domains (EIIB and -C).
These two polypeptides make up an EII-EIII complex. All three domains may exist as three or even four distinct polypeptides (23, 24, 33, 35) . The three domains of EIIScr consist of an N-terminal hydrophilic domain, a central hydrophobic transmembrane domain, and a C-terminal hydrophilic domain. These three domains were identified in the predicted amino acid sequence of S. sobrinus 6715 EIISCr (Fig. 6 ).
The N-terminal hydrophilic domain of S. sobrinus EIIScr contained a consensus sequence which was identified in the D-glucopyranoside PTS family and centered around Cys-26 (23, 24) . This domain is located at the C-terminal end in EIIGlc and EIINag (9, 48) . It has been suggested by Lengeler et al. (24) that this region contains the amino acids which interact with the EIII domain and most likely is involved in the phosphorylation of the substrate. It has been demonstrated in EIIMtIof E. coli that the highly conserved cysteinyl residue is the second phosphorylation site during phosphorylation and translocation of the substrate (29, 30) . The central hydrophobic domain contained approximately 350 amino acids and was found to be less homologous to other EIIs. This region probably forms the transmembrane channel (24) and contained a highly conserved consensus sequence centering around a histidine residue (His-316). The GITE motif, the function of which remains unknown, also was observed in this region (amino acids 376 to 379) (24) . The C-terminal hydrophilic domain, 170 amino acids in length, corresponded to the well-established EIIIGiC domain.
During translocation and phosphorylation of PTS substrates, EIIIs recognize HPr and are phosphorylated at a single histidine reside, which is about 80 amino acids away from the C-terminal end. This histidine residue is located within a highly conserved consensus sequence (35) . This consensus sequence was found between amino acids 579 to 593 of S. sobrinus 6715 EIIScr (Fig. 6) This truncated N-terminal EIIScr included the N-terminal hydrophilic domain, which contained the highly conserved cysteine residue, and the transmembrane hydrophobic domain, which contained the highly conserved histidine residue, the GITE motif, and the proposed hinge region. It is possible that this truncated EIIScr was able to translocate and phosphorylate the substrate when an additional EIII function was provided by the host (24) . The construction of an L. lactis subsp. lactis LM0230 transformant containing a complete scrA, as well as scrB, from S. sobrinus 6715 is in progress. The availability of such a construct will facilitate the further construction of scrA+ scrB and scrA scrB+ mutants in L. lactis subsp. lactis LM0230, which will contribute to our understanding of the functions and regulation of these genes.
